Dietary isothiocyanates (ITCs) are highly effective in affording protection against chemically induced cancers in laboratory animals. In the present study, we demonstrate that allyl isothiocyanate (AITC), a constituent of cruciferous vegetables, significantly inhibits proliferation of cultured PC-3 (androgen-independent) and LNCaP (androgen-dependent) human prostate 
Introduction
Isothiocyanates (ITCs) are present as glucosinolates in various cruciferous vegetables, such as broccoli, cabbage, watercress etc., and are generated upon cutting or chewing of these vegetables (1) . ITCs are highly effective in affording protection against chemically induced cancers in animal models (2) (3) (4) . Chemopreventive activity for ITCs has been observed against diethylnitrosamine or benzo[a]pyrene-induced pulmonary and forestomach cancers in mice, Nnitrosobenzylmethylamine-induced esophageal cancer in rats, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced pulmonary neoplasia in rats, and azoxymethane induced colonic aberrant crypt foci in rats (2) (3) (4) (5) (6) (7) (8) . In addition, thiol-conjugates of ITCs can also prevent pulmonary tumorigenesis in experimental animals induced by tobacco-derived carcinogens (9, 10) . Inhibition of carcinogen activation and/or an increase in detoxification of the activated carcinogenic metabolites through induction of Phase II drug metabolizing enzymes, including glutathione transferases and quinone reductase, is believed to be responsible for the chemopreventive effects of ITCs (2) (3) (4) .
More recent studies have indicated that some naturally occurring ITCs can inhibit proliferation of cultured cancer cells by inducing apoptosis (11) (12) (13) (14) (15) . For example, treatment of HeLa cells with phenethyl isothiocyanate (PEITC) resulted in apoptosis induction in a time-and concentration-dependent manner that was associated with a rapid and transient induction of caspase-3 like activity (11) . Involvement of caspases in ITC-induced apoptosis has also been observed in other cell lines (13, 16) . In another study, Huang et al. (14) found that PEITC effectively blocked tumor promoter (12-O-tetradecanoylphorbol-13-acetate or epidermal growth Recent epidemiological studies have suggested that increased consumption of cruciferous vegetables may be protective against prostate cancer risk (17, 18) . In spite of compelling epidemiological correlation, however, the activity of ITCs against prostate cancer cells has not been systematically assessed. In the present study, we report that allyl isothiocyanate (AITC), a constituent of cruciferous vegetables, is a potent inhibitor of proliferation of PC-3 and LNCaP human prostate cancer cells. Interestingly, survival of a normal prostate epithelial cell line (PrEC) is minimally affected by AITC treatment. Furthermore, our studies indicated that the antiproliferative activity of AITC against human prostate cancer cells was due to its ability to arrest cells in G 2 /M phase and induce apoptosis. Thus, it seems reasonable to speculate that AITC may find use in the treatment of human prostate cancers.
Materials and Methods

Materials
AITC was purchased from Aldrich Chemical Company (Milwaukee, WI). Tissue culture media, fetal bovine serum, and trypan blue were procured from GIBCO (Grand Island, NY). 
Cell survival/proliferation assays
The effect of AITC treatment on survival/proliferation of PC-3, LNCaP or PrEC cells was determined by sulforhodamine B or trypan blue dye exclusion assay. Sulforhodamine B assay was performed as described by us previously (19) . The IC 50 value was determined from a plot of 
Cell cycle analysis
The effect of AITC treatment on cell cycle distribution was determined by flow cytometric analysis of DNA content of nuclei of cells following staining with propidium iodide. PC-3, LNCaP or PrEC cells (10 6 cells) were seeded in T75 flasks, and allowed to attach overnight. The medium was replaced with fresh complete medium containing desired concentrations of AITC or DMSO (control), and the flasks were incubated for 24 h at 37°C. The cells were washed with PBS and fixed in 70% ethanol. The cells were then treated with 100 µg/ml RNaseA and 50 µg/ml propidium iodide for 30 min, and analyzed using a Coulter Epics XL Flow Cytometer. 
Determination of apoptosis
Western blot analysis
Cells were exposed to 20 µM AITC for different time intervals as described above. The cells were washed twice with ice-cold PBS, lysed on ice with a solution containing 50 mM Tris, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, 150 mM NaCl, 2 mM Na 3 VO 4 , 2 mM EGTA, 12 mM β-glycerol phosphate, 10 mM NaF, 16 µg/ml benzamidine hydrochloride, 10 µg/ml phenanthroline, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10 µg/ml pepstatin and 1 nM phenyl methyl sulfonyl fluoride. The cell lysate was cleared by centrifugation at 14,000 x g for 15 min.
Protein content in 14,000 x g supernatant fraction was determined by the method of Bradford (20) . Lysate containing 20 to 60 µg protein was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis according to the method of Laemmli (21), and the proteins were transferred onto polyvinylidene fluoride membrane (22) . After blocking with 10% non-fat dry milk in Tris buffered saline, the membrane was incubated with the desired primary antibody for 1 h at following dilutions: cyclin B1 (1:100 dilution), Cdc25B (1:1000 dilution), Cdc25C
(1:200 dilution), Cdk1 (1:100 dilution), Bcl-2 (1:100 dilution), Bcl-X L (1:100 dilution), Bax
(1:500 dilution), BID (1:100 dilution). Subsequently, the membrane was incubated with appropriate secondary antibody, and the immunoreactive protein bands were visualized using enhanced chemiluminescence kit (NEN Life Science Products, Boston, MA) according to the manufacturer's instructions. Each membrane was stripped and re-probed with antibodies against actin (1:15000 dilution) to correct for differences in protein loading.
Results
The effect of AITC treatment on survival of PC-3 and LNCaP cells was assessed by sulforhodamine B assay, and the results are shown in Figure 1A . Survival of both cancer cell lines was reduced significantly upon a 24 h exposure to AITC in a concentration-dependent manner with an IC 50 of about 15-17 µM (Fig. 1A) . On the other hand, survival of a normal prostate epithelial cell line PrEC was minimally affected by AITC treatment even at concentrations that were highly cytotoxic to the prostate cancer cells (Fig. 1A) . Apoptosis inducing effect of AITC was further investigated by (a) flow cytometric analysis of cells stained with Annexin V and propidium iodide (Fig. 3A) , (b) quantitation of cytoplasmic histone-associated DNA fragments (Fig. 3B) , and (c) determination of caspase-3 like activity (Fig. 3C) . Annexin V is a calcium-dependent phospholipid binding protein with a Eukaryotic cell cycle progression involves sequential activation of Cdks, whose activation is dependent upon their association with cyclins (26, 27, 29) . A complex formed by the association of Cdk1 (also known as p34Cdc2) and cyclin B plays a major role at entry into mitosis (26, 27, 29) . While phosphorylation of Thr161 of Cdk1 is required for complete activation of the complex, reversible phosphorylations at Thr14 and Tyr15 suppress activity of Cdk1/cyclin B kinase complex (26, 27, 29) . Dephosphorylation of Thr14 and Tyr15 of Cdk1 is catalyzed by dual-specificity phosphatases Cdc25B and Cdc25C, and this reaction is believed to be the ratelimiting step for entry into mitosis (26, 27, 30) . We found that AITC treatment causes a statistically significant reduction in the expression of Cdk1, Cdc25B and Cdc25C in both cells, whereas the level of cyclin B1 is reduced only in LNCaP cells. Thus, it is reasonable to postulate that AITC treatment may cause cell cycle arrest by reducing the activity of Cdk1/cyclin B kinase complex due to down-regulation of multiple G 2 /M regulating proteins.
The results of the present study indicate that AITC treatment induces apoptotic cell death in both PC-3 and LNCaP cells but not in normal prostate epithelial cells. These observations suggest that AITC-mediated apoptosis induction may be specific to the prostate cancer cells. On one hand, our results are consistent with those of previous studies demonstrating apoptotic induction by structurally related ITCs in other cell types (11, 14, 15, 31) . On the other hand, the mechanism for AITC induced apoptosis in prostate cancer cells appeared to be different than µM or lower (11, 14, 15, 19, 31) . Since pharmacokinetics of AITC in humans has not been investigated, it is difficult to predict whether micromolar concentrations of AITC are achievable in humans. However, previous studies have shown that consumption of one ounce of fresh watercress can yield about 6 mg of PEITC suggesting that micromolar concentrations might be achieved in vivo (32, 33) . Another pharmacokinetics study involving four human volunteers fed with a single dose of myrosinase-hydrolyzed extract of 3-day-old broccoli sprouts (containing about 200 µmol of total ITC) indicated that ITCs were absorbed rapidly and reached peak concentrations of 0.943-2.27 µmol/l in plasma, serum and erythrocytes at 1 h after broccoliextract ingestion (34) . Clearly, additional pre-clinical studies using appropriate in vivo animal models as well as carefully designed pharmacokinetics studies are needed before clinical testing of AITC as a cancer preventive or therapeutic agent.
In conclusion, the results of the present study indicate that AITC effectively inhibits proliferation of both androgen-dependent and androgen-independent human prostate cancer cells 
